 Pilot scale microwave infrared thermal (MW-IRT) sorting of porphyry copper ores is investigated  Pilot plant operating windows were defined from laboratory MW-IRT testing  A larger sample size improves laboratory predicted copper recovery in the pilot plant  ~42-50% of pilot plant tests are predicted to within ±5% copper recovery and ~85-90% to within ±10%
Introduction
Recent advances in automated sorting technology have seen ore sorting become an increasingly attractive possibility for the mining industry to help reduce energy consumption while maintaining productivity in the forecasted low-grade future. However, sensors that have the resolution to discern grade differences in low-grade ores (typically down to ~0.1wt%) or have the capacity to process the several thousand tonnes per hour required by the largest operating mines in an economical manner, particularly on a fragment-by-fragment basis, continue to be a limiting factor (Daniel and Lewis-Gray, 2011; Drinkwater et al., 2012; Lessard et al., 2014; Lessard et al., 2016; Napier-Munn, 2015; Pokrajcic et al., 2009; Powell and Bye, 2009 ). Microwave treatment followed by infrared thermal imaging (MW-IRT) has been proposed as an excitation-discrimination technique to facilitate sorting of lowgrade ore (Berglund and Forssberg, 1980; Ghosh et al., 2013; Ghosh et al., 2014; John et al., 2015; Sivamohan and Forssberg, 1991; Van Weert and Kondos, 2007; Van Weert et al., 2009 ), but until recently has not been demonstrated at scale.
In the first part of this paper, a bespoke, laboratory-based, high throughput and continuous pilot scale microwave treatment system capable of treating up to 100t/h (instantaneous) of ore in a batch wise fashion was described Katrib et al., 2016) . Utilizing the bespoke system, the fragment-by-fragment thermal response of a variety of porphyry copper ores from different operating conditions was investigated with the aim of determining the effect on sortability performance across conditions likely to be encountered in an industrial environment. It was found that microwave treatment energy was the driving force behind the ultimate temperature rise fragments experienced and that the presence of microwave-heating gangue minerals was the main source of deviation from intrinsic, or ideal, sortability performance.
Subsequent to initial laboratory testing, a decision was taken to commission a pilot-scale test facility at a major porphyry copper mine owned and operated by the project sponsor. The aim of the facility was to understand and develop know-how surrounding the engineering challenges of microwave sorting at scale, to compare batch laboratory sortability performance with pilot-scale continuous sorting performance to validate the testing methodology and support project valuation. The pilot plant microwave treatment system had the exact same specification as the laboratory system, apart from utilizing a slightly different microwave frequency (915MHz) due to the plant being located in a region that uses a different industrial, scientific and medical (ISM) band to the UK (896MHz) (Meredith, 1998) . The major difference was the extensive feed storage and preparation facilities, integration of a commercially available automated sorter, and the associated materials handling, process control, sampling, sample preparation and other facilities that would enable continuous processing for several hours of operation covering a typical working shift. Pilot plant testing was conducted over a period of one and a half years, during which time approximately 300 test runs were completed on 11 different ore types with a total of approximately 15,500 tonnes of material processed. This second part of the paper presents a comparison of the laboratory and pilot plant sortability performance and further develops the testing methodology to give confidence in the prediction of pilot sortability performance from laboratory testing.
Materials and methods

Ore samples
The porphyry copper ore samples used throughout the piloting investigation were all sourced from the pilot plant host mine. 11 ore types were selected that covered a range of different lithologies with varying copper sulphide grade, copper sulphide to iron sulphide ratio and non-sulphide gangue mineralogy. The ores were also selected on the basis of proportion of future mine plan or otherwise potentially economically valuable material. The ores were supplied in three narrow size classes, namely -76.2+50.8mm, -50.8+25.4mm and -25.4+12.7mm, listed in Table 1 , for the reasons outlined in the first part of this paper . Each size class was tested separately to enable optimal separation efficiency from the sorter.
The mine selected an ore-grade and waste-grade (denoted with the suffix "W") version of four lithologies plus a waste-grade version of three lithologies. Samples #9 and #9W were a quartz-monzonite ore diluted with approximately 10-20wt% quartzite fragments, which had a consistent texture of well disseminated microwaveheating phases within a speccled microwave-transparent. Samples #10 and #10W were a quartzite ore, which had a fairly consistent texture of well disseminated microwave-heating phases within the microwave-transparent matrix, with some coarser and clustered mineralisation and some sulphide veins. Samples #11 and #11W were a limestone-skarn ore, which had a wide variety of textures from well disseminated to very coarse and clustered microwave-heating phases within the microwave-transparent matrix. The aforementioned samples were previously reported in the first part of this paper . Additional samples, namely #14, #14W, #15W, #16W and #17W were all varieties of monzonite ore with similar textural characteristics to samples #9 and #9W without the quartzite dilution. Indicative modal mineralogies for the -50.8+25.4mm size samples were estimated by using a Mineral Liberation Analyser (MLA) (FEI, 2016) to measure polished sections of 20 representatively split lump fragments, reported in the first part of this paper. Samples #14, #14W, #15W, #16W and #17W were not analysed using the MLA. The dominant copper sulphide mineral in all samples was chalcopyrite. The dominant sulphide gangue was pyrite and other microwave-heating gangue included montmorillonite and iron oxides. The dominant non-sulphide and microwave-transparent gangue minerals were quartz, feldspar and mica. The limestone-skarn ores also had significant proportions of pyroxenes, amphiboles, garnets and carbonates.
Any fragments that contained <0.1%Cu were considered to be effectively barren and uneconomic to process according to the project sponsors, and were then necessarily the main target for rejection. Processing economics further dictated that fragments between 0.1 and 0.25%Cu were of marginal grade or mineralised waste. The higher grade fragments were arbitrarily divided into 0.25-0.5%Cu, 0.5-1%Cu and >1%Cu by the authors to see the mass and copper distributions across different fragment grade classes, given in Table S .1 in the Supplementary Information.
Pilot scale microwave sorting facility
The pilot plant was used as a treatment and sorting test facility and was not integrated with any downstream processing. The pilot plant is located on the host mine site adjacent to the mill, shown in Figure 1 . Run-of-mine (ROM) ore is diverted from the primary crusher and taken by truck to a mobile crushing and screening facility where it is prepared into the three size classes. The sized ore is then taken by truck to the pilot plant stockpile. Ore is transferred to the feed loading bay by a loader where it is first passed through a sampling station before being conveyed into the main building. Upon entering the building the ore is washed and partially blow dried with compressed air over a vibrating screen to remove dust and chips before being stored in an insulated feed conditioning bin to equilibrate the fragment temperature.
The subsequent microwave treatment and sorting process is illustrated in Figure 2 . The ore is fed by a belt feeder, over a vibrating screen to remove any remaining chips, to the microwave treatment belt at a pre-determined throughput and immediately imaged under an infrared thermal camera to capture the feed temperature distribution. The material passes through the microwave cavity at a pre-determined power level and belt speed to receive the required treatment energy. Upon exiting the cavity, the material passes over an intermediary belt to accelerate the fragments before moving on to the sorter belt moving at a higher speed to allow the fragments to spread out to the required spacing for interrogation by the post-microwave treatment infrared thermal camera and laser scanner for fragment tracking. The fragment thermal equilibration time was in the order of 10 to 30 seconds depending on the microwave treatment belt speed employed. In the current arrangement, only the top-facing fragment surface was interrogated by the thermal camera. The pre-determined sorting decision is implemented and the pneumatic actuators blast the lowest mass fraction (either accepts or rejects, although for the purposes of illustration rejects (or Colds) have been used) to save energy and minimise work rate. The two product streams are conveyed though product sampling stations to retention bays from where they may be collected for re-use or transfered to the ROM stockpile at the mill.
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Testing methodology
Approximately 200kg of ore was received at the laboratory and a test sample was representatively split, washed, dried, labelled and weighed. A variety of process conditions were tested according to the methodology described in the first part of this paper , which typically comprised testing of two to three doses at one or two belt speeds, with two fragment orientations and one or two fragment positions within the cavity. An NEC H2640 infrared thermal camera was used to capture the thermal images and Radiometric Complete software used to extract the temperature information. The sortability curves were interrogated and a set of test conditions recommended to the pilot plant operators with the aim of maximising throughput while providing a suitable temperature rise to make as clean a separation as possible without over-heating the hottest fragments (<80°C). Recommended microwave treatment doses were typically in the range of 0.5-1kWh/t.
In the pilot plant, the feeder and microwave belt speed was configured to achieve the required throughput to provide a monolayer of the ore with an initial microwave power input of 10kW applied. Power was subsequently increased up to the recommended setting. Power input and throughput (i.e. feed rate and belt speed) could then be increased linearly to maintain dose and the fragment monolayer presentation while maximising throughput. For the case of the -25.4+12.7mm size fraction in particular, a multilayer could potentially be used to increase throughput as well without overloading the belt. Alternately, if the target power input did not allow for stable treatment (due to intermittent arcing, which is a probabilistic effect of fragment shape, surface mineralisation and electric field distribution within the cavity) then belt speed and throughput could be reduced linearly to maintain dose at the maximum achievable power input. It is worth noting that the pilot plant ore was treated damp (typically <1% free surface moisture) as opposed to an air dried basis in the laboratory, as this was required to prevent dust accumulation within the microwave cavity as well as assisting to equilibrate the feed temperature.
Thermal analysis methodology
In the laboratory, the recommended temperature cut-point was determined based on the average fragment temperature rise (Tave); that is, the average fragment temperature post-microwave treatment minus the average fragment temperature pre-microwave treatment. The pilot plant uses a different analysis to determine whether a fragment is to be considered hot or cold and, therefore, a target for rejection. The thermal analysis determines if a fragment has a certain, user defined percentage of the surface area (typically 40-60%) above or below a user defined threshold temperature rise value (Tcut) based on the initial average feed temperature.
In essence, this method identifies a heat bloom on the surface of the fragments that is indicative of the presence of microwave-heating minerals within the fragment. Given the software available in the laboratory, it was very laborious to try to replicate this decision making process and so it was not performed as a matter of routine. Nevertheless, the raw data was available and a limited number of analyses were conducted to compare the fragments selected by the two methods and it was found that the vast majority of the same fragments were selected by both methods over a wide range of surface area and temperature threshold values, particularly for the hotter fragments, as illustrated in Figure 3 and Table 2 for the sample #9 -50.8+25.4mm size class.
[a]
[b] Table 2 shows the range of Tcut values that would be required to achieve a sort that accepts 25%, 50% and 75% of the hot fragments by mass for a given area percentage using the pilot plant method with laboratory data. It can be seen that the mass and copper recoveries obtained from the fragments selected by this method are quite close considering only 50 fragments were interrogated. Figure 3 plots the laboratory method, using a Tave cut-point of 2.7°C to achieve a 50% mass recovery to accepts, versus the pilot plant method requiring 40% of the fragment surface area to be greater than a Tcut cut-point of 2.85°C. In the example given, only one fragment out of 50 misreports from the accepts stream to the rejects stream according to the pilot plant method, with two fragments potentially going either way according to the laboratory method as they both have an average temperature rise equal to the Tave cut-point. The fragment surface area and temperature rise settings were initially estimated by the pilot plant operators and then adjusted to achieve the target mass rejection for the given run, as determined based on average temperature rise cut-point from laboratory testing. As mentioned previously, the product with the lowest mass fraction (either hot or cold fragments) was chosen to be blasted. Once steady state had been reached at the desired conditions the two products were sampled over the duration of the run, then representatively sub-sampled and submitted for assay to enable calculation of sortability performance.
Data analysis methodology
The laboratory recommended settings took the form of a sortability curve (cumulative mass and copper recovery curve, or yield-recovery curve) for the most stable fragment orientation (i.e. resting on their flattest surface simulating the most probable resting orientation obtained in the pilot plant, O1) in one position in the cavity, with associated tabulated separation data at given temperature cut-points or mass rejections. However, it is evident that in the pilot plant any given fragment may fall in one of many orientations under the thermal camera or positions in the cavity during treatment. In order to account for the random nature of particle presentation, an operating window was determined based on the potential temperature rise variation from orientation and cavity position measured in the laboratory.
Analysis of all of the positional data yielded average temperature rise relative standard deviations (%rsd) of approximately 30%, 15% and 20% for the -76.2+50.8mm, -50.8+25.4mm and -25.4+12.7mm size classes respectively. It was shown in the first part of this paper that fragment position in the cavity had only a small effect on sortability performance, since the hottest fragments always remain hot compared to the lower grade cold fragments. A bootstrap analysis was conducted with 1,000 replicates where the individual fragment average temperature rise values were randomly varied according to one of two orientations and then augmented by a normally distributed variation due to position in the cavity. The 95% confidence limits for the sortability curves could then be determined to show the window within which the sortability curves would be most likely to occur. The total fragment surface area (average of the two orientations measured, Oave) average temperature rise was then used as the basis for calculating the expected average sortability performance.
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Pilot plant commissioning
Following construction of the pilot plant several commissioning activities were undertaken to improve the operation of the plant. It is not within the remit of this paper to describe them all; however, there were two important aspects that directly relate to the comparison of sortability performance that require attention, namely optimisation of sorter blast efficiency and characterisation of the feed temperature distribution prior to microwave treatment.
Sorter blast efficiency
Sorter blast efficiency is the percentage of target particles that are correctly blasted and gives a measure of the percentage of particles that misreport to a product stream. Correct ejection is influenced by factors such as particle size and shape, trajectory off the sorting belt, spacing and clustering on the sorting belt, and the air ejection pressure and pattern. The sorter setup was thus dependent on the ore type (e.g. angular quartzite versus rounded pebbles) and feed size (i.e. -76.2+50.8mm, -50.8+25.4mm or -25.4+12.7mm), which is why the size classes were treated separately. Prior to optimisation in early plant runs the sorter blast efficiency was approximately 85%; that is, approximately 15% of the fragments misreported to the incorrect product stream. After extensive testing the efficiency was increased up to approximately 95% for the -76.2+50.8mm and -50.8+25.4mm size classes (Harding, 2013) . Following the optimisation work, the -25.4+12.7mm sizes reportedly suffered from some fragment clustering on the sorter belt for some ores, which prevented the sorter efficiency from reaching 95%.
Feed temperature distribution variation
In the laboratory, the pre-microwave treatment temperature was measured for each individual fragment to enable an accurate measurement of average temperature rise for every fragment post-microwave treatment. However, in the pilot plant it was not possible to measure the pre-treatment temperature for each individual fragment due to the inability to delineate fragment boundaries on closely packed particles with very similar temperatures at high throughputs. This introduced an amount of uncertainty in the average temperature rise that was proportional to the amount of variation in the feed temperature distribution, thereby adversely affecting the sorting decision particularly for discrimination of the colder fragments. There were two feasible ways to combat this problem: increase the microwave treatment energy to ensure that the temperature rise of the coldest fragments is in excess of the feed temperature variation, or minimise the feed temperature variation to an acceptable level. Increasing the treatment energy comes with a higher operating cost and potentially limits throughput for a fixed installed power. It was therefore decided to find a means of reducing the feed temperature variation.
Temperature variation was described by a range of four standard deviations (4); that is, ±2 around the mean, giving approximately 95% confidence intervals on the pre-treatment temperature. It was estimated that 4 < 1°C would be required to achieve acceptable sorting performance at the treatment energies commonly employed and this condition was typically met during laboratory testing. Surveys were conducted of the mine site to measure the temperature and 4 variation at various stages in the flow sheet, shown in Figure 4 . The 4 variation observed in the pilot plant was also surveyed prior to the implementation of measures to reduce feed temperature variation. It can be seen that depending on the prevailing conditions at the time of the surveys the microwave feed temperature variation could be up to 4 > 3°C, which was estimated to introduce a sorting error of approximately 30-50%. After implementation of measures to reduce feed temperature variation (which cannot be detailed at this time for confidentiality reasons) the variation was consistently 4 < 1°C, which was estimated to introduce a sorting error of less than 5% (Harding, 2013 Ore sortability performance
Analysis of individual samples
The pilot plant typically ran a series of setup tests for a period of approximately 30 minutes each to determine how the ore responded to treatment at the recommended settings. Longer tests of typically six hours were then run to assess system performance across a shift with changes made to the test conditions as necessary. For some ores, a series of exploratory tests were performed for a period of approximately 30 to 60 minutes each to evaluate the effect of varying test conditions and temperature cut-point decision making. Figure 7 give the intrinsic, laboratory, and pilot plant sortability curves for samples #9, #10 and #11W respectively. The three samples illustrate sortability performance for the three main ore types, different sample sizes and three types of pilot plant run tested. The sortability curves for the additional samples are given in Figure S .1 to Figure S .8 in the Supplementary Information and demonstrate similar trends. The plots also show the 95% confidence windows of the sortability curves for variation according to fragment orientation (0%rsd), and both fragment orientation and fragment position in the cavity (30%rsd, 15%rsd or 20%rsd for -76.2+50.8mm, -50.8+25.4mm or -25.4+12.7mm respectively). The pilot plant setup, run and exploratory tests are also superimposed to illustrate how close each test came to the laboratory predicted sortability curve.
It is evident that many of the pilot plant tests fall within the window defined by variation in orientation and most within the window defined by variation in orientation and position in the cavity for the -76.2+50.8mm and -50.8+25.4mm size fragments. This was particularly true for ores where 100 to 150 fragments were tested in the laboratory, as the larger sample set provided a better estimation of the sortability performance through greater sample representivity. The exploratory tests demonstrated that a range of copper recovery values were obtained at a similar mass recovery to accepts depending on the test and thermal decision conditions chosen. Therefore, it is possible that more extensive optimisation of these conditions may have resulted in a closer match to laboratory predicted sortability curves.
Most of the variability from the average total fragment surface temperature sortability (Oave) was accounted for by fragment orientation. This was particularly true for the coarser fragments where the difference in average temperature rise was significantly different from one side of a fragment to the other. The 15-30% normally distributed variation in fragment orientation temperature attributed to position in the cavity typically only marginally extended the range of the operating window. This result was as expected due to position in the cavity not contributing to a significant reordering of the fragments on an average temperature rise basis when considered separately, as the hot fragments remained hot and the cold fragments remained cold .
The pilot plant tests on the -25.4+12.7mm size fragments frequently significantly under-performed what was expected from laboratory testing. As mentioned previously, this was largely due to issues with fragment clustering on the sorting belt, which remained unresolved throughout the piloting campaign. Nevertheless, many tests yielded results similar to that predicted in the laboratory when the sorter was running well. Furthermore, it is evident that sortability curves that are defined by 100 to 150 fragments have narrower operating windows. Smaller sample sets in the laboratory (i.e 50 fragments) that contained a few fragments with a significant proportion of the copper (e.g. >5-10% of the total copper in one fragment) tended to result in large movements in the predicted copper recovery if the ordering of the fragments changed when attributing variation according to orientation and position in the cavity. By increasing the number of measured fragments, no single fragment contained such a large proportion of the copper and any reordering from colds to hots resulted in a smaller shift in copper recovery for a given mass recovery. Increasing the size of the sample set in the laboratory thus defines a narrower predicted operating window as well as improving representivity for improved sortability estimation.
A qualitative observation from the laboratory testing was that samples with a wider range in average temperature rise (e.g. Tave ranging from 0-20°C as opposed to 0-5°C) tended to yield a narrower operating window. It was difficult to isolate this apparent effect from other variables (such as sample size, variation due to orientation and copper distribution across fragments) but it was believed to be due to fragments having a larger thermal difference relative to each other, which limited reordering of the fragments when the bootstrap analysis was conducted. Therefore, it may be inferred that utilizing a higher microwave treatment energy to raise the fragment temperatures to a practical maximum (subject to energy costs, throughput penalty, etc.) would help to more accurately predict the expected pilot plant sortability performance. [c] 
Laboratory versus pilot plant separations
All of the pilot plant tests (including the additional samples #14, #14W, #15W, #16W and #17W) have been collated by size class and in total. Figure 8 gives the laboratory versus pilot plant copper recovery values at the corresponding mass recovery to accepts from the pilot plant. Figure 9 gives the difference in copper recovery values plotted as histograms. The average difference between the pilot plant runs (i.e. excluding setup and exploratory tests) and the laboratory for the -76.2+25.4mm combined size classes was -2% (i.e. the laboratory tests slightly over-predicted sorting performance on average) with a 90% confidence interval of ±9.7%. It would be expected that improving representivity of the many laboratory tests that only considered 50 fragments would reduce this confidence interval. However, for the -76.2+25.4mm material in the campaign currently under investigation approximately 50% of the pilot plant runs achieved a copper recovery prediction within ±5% and 90% of the runs within ±10%. Including the -25.4+12.7mm size class, approximately 42% of the pilot plant runs achieved a copper recovery prediction within ±5% and 84% of the runs within ±10%.
[b]
[c]
[d] 
Conclusions
A pilot scale test facility was constructed, commissioned and operated at a major porphyry copper mine to understand the challenges of MW-IRT sorting at scale and to compare batch laboratory with pilot scale continuous sortability performance.
A method was developed to define the 95% confidence intervals on pilot plant operating windows from experiments on 50 to 150 fragments performed in a laboratory based replica of the pilot scale microwave treatment system. The method incorporated average temperature rise variation due to fragment orientation as the pilot plant only imaged the surface from one side of a fragment during its sorting decision. It was demonstrated that laboratory testing better predicted pilot plant sorting performance and provided a narrower operating window when a larger sample size (>50 fragments) was considered due to improved representivity.
Given the limited number of fragments tested in the laboratory for many ore samples, a sorting error of up to approximately 10% that was introduced from both sorter blast efficiency and feed temperature variation, thermal imaging of only one side of the fragments and partial optimisation of the thermal decision conditions, it appears that the laboratory testing methodology has predicted the sortability of the ores fairly well. For the 11 ore types and three size classes (-76.2+50.8mm, -50.8+25.4mm and -25 .4+12.7mm) tested over the 233 pilot plant experiments reported, approximately 42% of the better optimised pilot plant runs predicted copper recovery to within ±5% copper recovery and approximately 84% of the runs to within ±10%. These figures were improved to approximately 50% predicted to within ±5% and approximately 90% to within ±10% if the -25.4+12.7mm size class was omitted, as this size class frequently suffered from fragment clustering on the sorting belt, which remained unresolved from commissioning activities. It is fully expected that better predictions would result from larger laboratory sample sizes during any future testing campaigns.
In the first part of this paper, the fundamental basis for MW-IRT sorting along with operational and mineralogical considerations was described to demonstrate that MW-IRT sorting could provide attractive separations to reject effectively barren (<0.1wt%Cu) ore fragments. To date, approximately 15,500 tonnes of ore has been processed through the pilot scale test facility, generating significant engineering know-how and demonstrating MW-IRT sorting at a scale in the order of that required by the mining industry.
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